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MSW transitions. We considered two cases. In the first case no assumptions on the values of the total fluxes of neutrinos from
all reactions have been made. In the second case we constrained the values of the neutrino fluxes within some wide limits that
take into account the predictions of the existing Standard Solar Models. We show that in both cases the existing data allow to
exclude rather large regions in the plane of the parameters m2 and sin2 2.
The problem of neutrino masses and mixing is one
of the most significant problems of modern physics.
The investigation of this problem is connected with the
possibilityto discover some effects of new physics be-
yond the Standard Model. Solar neutrino experiments
are very important for this investigation. These exper-
iments are unique because they are sensitive to very
small values of the difference of the squared neutrino
masses (down to m2 ' 10 10 eV2) and to a wide
region of mixing angles , including very small ones.
At present there exist data of four solar neutrino ex-
periments: the radiochemical experiments Homestake
[1], GALLEX [2] and SAGE [3] and the direct count-
ing experiment Kamiokande [4]. The event rates ob-
served in all these four experiments are much smaller
than the rates predicted by the Standard Solar Model
(SSM) [5–9]. This “leakage” of solar neutrinos can
be very naturally explained by neutrino mixing (see
Ref.[10]) and resonant matter effects (MSW) [11].
In fact, all the existing data can be described by the
MSW mechanism in the simplest case of mixing be-
tween two neutrino types. Two MSW solutions have
been found [12]: a small mixing angle solution with
m
2
' 5  10
 6
eV
2 and sin2 2 ' 8  10 3 and
a large mixing angle solution with m2 ' 10 5 eV2
and sin2 2 ' 0:8. However, let us emphasize that
these solutions are based on the assumption that the
neutrino fluxes from the different reactions are given
by the SSM. As it is well known, the neutrino fluxes
predicted by the SSM are subject to many sources
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of uncertainties, mainly due to a poor knowledge of
some input parameters (especially nuclear cross sec-
tions and solar opacities). Taking into account the
importance of neutrino mixing for the physics beyond
the Standard Model, any model independent informa-
tion on neutrino mixing (i.e. independent from the
SSM) that can be obtained from the existing data is
of great interest. In this report we present the results
of such a model independent analysis in the case of









)1. We consider two cases. In the first case we
do not make any assumption on the possible values
of the solar neutrino fluxes. In the second case we
constrain the values of the solar neutrino fluxes within
some wide limits that take into account the predictions
of the Standard Solar Models [5–9]. The existing solar
neutrino data are not sufficient to determine allowed
regions for the parametersm2 and sin2 2 in the two
cases under consideration. Instead, we will show that
the existing solar neutrino data allow to exclude rather
large regions of the parametersm2 and sin2 2, even
in the first case in which no restriction is imposed on
the possible values of the solar neutrino fluxes.
Let us write the initial spectrum of 
e
from the









where E is the neutrino energy, Xr(E) is a known
normalized function (see Ref.[5]) and r is the to-
1The case of mixing between 
e
and sterile neutrinos was consid-
ered in Ref.[13]
tal initial neutrino flux. The integral event rate in
any experiment a (a = HOM (Homestake), GAL













In our calculations we used N exp
HOM
= 2:32 
0:23 SNU [1], the combined GALLEX–SAGE event
rateN exp
GAL






0:51  0:04  0:06 [4], where NBP
KAM
is the
Kamiokande event rate predicted by BP [5].





















(E) dE ; (3)
with a = HOM;GAL. Here 
a











is the threshold energy. For the cal-
culation of the 
e
survival probability we used the
formula given in Ref.[14], which is valid for an expo-
nentially decreasing electron density.
In the the Kamiokande experiment 
e






















































e (` = e; ), EES
th
is the recoil electron










(` = e; ). In our calculation
we took into account the efficiency and the energy
resolution of the Kamiokande detector [4].
The fluxes of neutrinos produced in the thermonu-


























, where d = 1AU is the av-
erage sun–earth distance, L

is the luminosity of
the sun. The factors Y r
LUM
















pp 13.10 0.93 1.07
pep 11.92 0.61 1.29
7
Be 12.55 0.46 1.40
8
B 6.66 0 1.43
Hep 3.74 0.90 1.13
13
N 12.66 0 1.51
15
O 12.37 0 1.58
17









which determine the limits for the values of the total
neutrino fluxes in case B.
is the average energy of neutrinos from the source r)
are given in Table 1.
Our procedure for the analysis of the solar neu-
trino data is the following. At fixed values of the
parameters m2 and sin2 2 we calculate the 2 for
all possible values of the neutrino fluxes. For each
value of the parameters m2 and sin2 2 and of the
neutrino fluxes we estimate the “goodness-of-fit” by
calculating the confidence level (CL) corresponding
to the calculated 2. Since we do not determine any
parameter, the number of degrees of freedom of the

2 distribution is equal to the number of data points
(i.e. four: three neutrino rates and the solar luminos-
ity constraint). If all the confidence levels found for
a given value of m2, sin2 2 and all possible values
of the neutrino fluxes are smaller than  (we choose





2 plane is excluded at 100(1  )% CL.
In this way we obtain the exclusion plots presented in
Figs.1 and 2.
For the exclusion plot presented in Fig.1 the only
requirement was that all the total neutrino fluxes are
positive. Let us call this case A. However, it is inter-
esting and instructive to investigate how the forbid-
den regions in them2–sin2 2 plane change if some
limits on the allowed values of the neutrino fluxes are
imposed. Thus we also considered the following case
B: the different solar neutrino fluxes are constrained












wherer(BP) are the BP values of the neutrino fluxes























Figure 1. Excluded regions in the sin2 2–m2 plane for




mixing in case A. The
region F is excluded at 95% CL within the solid line and at
95% CL within the dotted line. The allowed regions found
with the BP neutrino fluxes are also shown (shaded areas).
to include the predictions of the existing solar models
[5–9]. The values of these factors are given in Ta-
ble 1. We determined the minimum (maximum) val-
ues for the pp, pep, 7Be andHep fluxes by subtracting
(adding) 3 times the range of solar model predictions
to the minimum (maximum) predicted flux. Since
it has been recently suggested [15] that the value of
the astrophysical factor S
17
(0) could be significantly
lower than that used in SSM calculations, we let the
8
B flux to be arbitrarily small. Since the CNO fluxes
have large uncertainties, we allow also them to be arbi-
trarily small. We determined the maximum values of





















Figure 2. Excluded regions in the sin2 2–m2 plane for




mixing in case B. The
regions F are excluded at 95% CL within the corresponding
solid line and at 95% CL within the corresponding dotted
line.
of BP to the BP average value. Let us emphasize that
the limits on the allowed values of the neutrino fluxes
which we imposed in case B are rather large. The
excluded regions of the parameters m2 and sin2 2
in case B are presented in Fig.2.
The excluded region in case A (Fig.1) has the trian-
gular shape typical of a strong 
e
suppression. In this
region the value of the flux of pp 
e
’s on the earth is
strongly suppressed. This suppression of the flux of pp

e
’s is in contradiction with the Gallium data. It can-
not be counterbalanced by a large initial pp flux pp
because pp is limited by the luminosity constraint.
The observed Gallium event rate cannot be due to a
high value of8B because the 8B neutrino flux is con-





are detected (notice that in most
of the excluded region the 8B 
e
flux on the earth is
not suppressed because the corresponding MSW tran-
sition is highly non–adiabatic). The observed Gallium
event rate cannot either be due to high values of the
other neutrino fluxes (pep, 7Be and CNO) because the
values of these fluxes are constrained by the data of
the Homestake experiment.
Let us now consider the excluded regions in case
B (Fig.2). A comparison of Fig.1 and Fig.2 shows
that the region of values of the parameters m2 and
sin
2
2 that is forbidden by the existing solar neutrino
data is strongly increased if we put some limits on the
possible values of the neutrino fluxes. Fig.2 illustrates
the fact that even assuming rather wide limits for the
values of the solar neutrino fluxes, the existing solar
neutrino data strongly restrict the region of possible
values of the parameters m2 and sin2 2. The tri-
angular excluded region for m2 . 5 10 6 eV2 is
due to a strong suppression of the flux of low energy
pp 
e






2 is due to a large suppression of the
flux of 8B 
e
’s. In this region, corresponding to a
large suppression of 8B 
e
’s, it is also impossible to
fit the Clorine and Gallium data: the large flux of 7Be
neutrinos that is necessary to fit the Homestake data
would give an excessive Gallium event rate. In the






which is excluded at 99% CL.
In conclusion, we have presented the results of a
model independent analysis of the existing solar neu-
trino data in the case of MSW transitions between









shown that in this model independent approach the
existing solar neutrino data allow to exclude rather
large regions of values of the parameters m2 and
sin
2
2 (expecially when limits on the values of the
total neutrino fluxes are imposed).
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